There is growing interest in examining oxytocin and social functioning in human and non-human primates. Studies of human oxytocin biology are typically restricted to peripheral assessments because opportunities to collect cerebrospinal fluid (CSF) are rare. Several studies have examined CSF oxytocin levels in captive adult primates, but none to our knowledge have been conducted under free-ranging conditions and inclusive of infants. The main goal of this study was to establish feasibility of quantifying CSF oxytocin levels in free-ranging adult female and infant rhesus monkeys living on Cayo Santiago, PR. CSF oxytocin levels were examined in relation to individuals' demographic and reproductive characteristics as well as plasma cortisol levels. CSF oxytocin concentrations ranged from 36.02 to 134.41 pg/ml in adult females (ages 7-26 years; N ϭ 31) and 35.94 to 77.3 pg/ml in infants (ages 38 -134 days; N ϭ 17). CSF oxytocin levels were positively correlated with adult female age and negatively correlated with infant age. The former correlation was driven by reproductive status. CSF oxytocin levels were unrelated to dominance rank or plasma cortisol levels. In contrast to a previous study of plasma oxytocin concentrations in this population, CSF oxytocin levels did not differ significantly between lactating and non-lactating females. These findings: 1) provide feasibility data for examining CSF oxytocin levels in free-ranging non-human primates and 2) indicate that CSF oxytocin levels may be a biomarker of age-related central nervous system changes across lifespan development. Research is now required to examine CSF oxytocin levels in the context of social functioning in free-ranging rhesus monkeys.
are typically restricted to peripheral oxytocin assessments due to the invasiveness of cerebrospinal fluid (CSF) collection procedures (Carter, 2007; Modahl et al., 1998; Parker et al. in press) . Whether plasma oxytocin levels serve as a meaningful index of central activation is unclear, however, because central and peripheral sources of oxytocin are thought to be functionally distinct, and once released into circulation, oxytocin does not reenter the brain (Amico, Challinor, & Cameron, 1990; Landgraf & Neumann, 2004) .
Opportunities to collect CSF are more common in monkeys than in humans, allowing more direct examination of central oxytocin biology (Robinson & Coombes, 1993) . Moreover, in monkeys, CSF can be collected from the cisterna magna, a ventricle at the base of the skull, which prevents the disappearance of peptide signal typically associated with the more distal lumbar sampling procedures utilized in humans. A few studies have measured CSF oxytocin levels in laboratory primates (Amico et al., 1990; Rosenblum et al., 2002; Winslow, Noble, Lyons, Sterk, & Insel, 2003) , but none to our knowledge have been conducted under freeranging conditions. Laboratory primates are often characterized by abnormal developmental histories and rarely live in species-typical social environments. Free-ranging primates therefore represent a more ecologically valid model by which to investigate the relationships between oxytocin biology and complex social processes.
The goal of the present study was to establish the feasibility of quantifying CSF oxytocin levels in free-ranging rhesus monkeys living on the island of Cayo Santiago. Free-ranging subjects were captured during the annual trapping period, which provided an opportunity to collect biological samples for this feasibility study. Study subjects included lactating and nonlactating adult females and infants as young as 1 month of age. CSF oxytocin levels were examined in relationship to individuals' demographic and reproductive characteristics as well as in relation to plasma cortisol levels.
Method Subjects
This study was conducted with the free-ranging population of rhesus macaques on Cayo Santiago, a 15.2 ha island located 1 km off the southeastern coast of Puerto Rico. During the study period, the population included approximately 850 animals distributed among six naturally formed social groups. Monkeys on Cayo Santiago forage on vegetation and are provisioned with rainwater and commercial monkey chow. Rhesus macaques are seasonal breeders. In the Cayo Santiago population, there is a 6-month mating season beginning in March, followed by a 6-month birth season beginning in September Rawlins & Kessler, 1986) . During the nonbreeding season, ovarian steroid hormones are at stable low levels (Wilson, Gordon, & Collins, 1982) .
Between January and February 2008, 32 adult females were captured. Subjects were classified as high-(n ϭ 10), middle-(n ϭ 11), or low-(n ϭ 11) ranking on the basis of aggressive and submissive interactions collected in previous studies (Hoffman, Ayala, Mas-Rivera, & Maestripieri, in press; Maestripieri, Hoffman, Anderson, Carter, & Higley, 2009; Maestripieri, Hoffman, Fulks, & Gerald, 2008) . All adult females were multiparous. Their ages ranged from 7 to 26 years (mean Ϯ SEM ϭ 15.64 Ϯ 0.97) and parity status ranged from 2 to 18 offspring (mean Ϯ SEM ϭ 9.47 Ϯ 0.84). Twenty adult females were currently lactating and had a live infant (infant age range: 1-134 days; mean Ϯ SEM ϭ 81.35 Ϯ 7.82; N ϭ 7 female infants and N ϭ 13 male infants). Eleven adult females were currently not lactating and had no infant. One adult female had given birth to a live infant during the present breeding season but the infant subsequently died prior to CSF and blood sample collection. This adult female was excluded from further analyses due to the uniqueness of her reproductive status.
Lactating and nonlactating adult females did not differ significantly by age (lactating: 14.62 Ϯ 1.23 years; nonlactating: 17.36 Ϯ 1.65 years; t ϭ 1.33, df ϭ 29, NS), dominance rank (lactating: high ϭ 6; middle ϭ 6; low ϭ 8; nonlactating: high ϭ 3; middle ϭ 5; low ϭ 3; chi square: 0.82, df ϭ 2; NS), parity status (lactating: 9.45 Ϯ 1.15 total infants; nonlactating: 9.55 Ϯ 1.30 total infants; t ϭ 0.05, df ϭ 29; NS), or any variables related to sampling (time of day, time since beginning of the procedure, and time since ketamine injection). All females were inspected by a veterinarian at the time of sampling and found to be in general good health. There was therefore no indication that currently nonlactating females in this study did not conceive as a result of health problems, or that currently lactating females were in poor health. All procedures were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Sampling Procedures and Hormone Assays
Monkeys were captured in a feeding corral, approximately 100 m 2 , which was provisioned daily with monkey chow. Trapping generally occurred between 0830 and 1200 h. Subjects were netted or captured by hand in the corral, transferred to a holding cage (0.62 ϫ 0.42 ϫ 0.62 m), and moved to a small field laboratory. The adult females and their infants (if they had one) were then placed into a standard squeeze cage for overnight housing. The following morning, blood and CSF samples were collected as described below. It is important to note that plasma cortisol and CSF oxytocin levels measured the morning after capture presumably reflect the cumulative stressful effects of capture and overnight housing (Hoffman et al. in press; Laudenslager et al., 1999; Maestripieri et al., 2008) , rather than basal hormone levels in free-ranging monkeys.
Blood and CSF samples were collected from all adult females, and from 17 of the 20 infants (N ϭ 5 females, N ϭ 12 males). Three infants (N ϭ 2 females and 1 male) were excluded from the study because they were either too young to sample safely or provided insufficient sample volumes. Anesthesia was induced using a sterile single-use syringe containing ketamine (approximately 10 mg/kg), which was administered into the vastus lateralis muscle. Mother-infant pairs were separated only for the period of time when mothers were anesthetized. Blood samples were collected between 0715 and 1040 h (average time of day: 8:18 Ϯ 5.0 min). Blood samples were taken, on average, 66.5 Ϯ 5.5 min after the door of the laboratory was first opened (range: 7-213 min), and 22.1 Ϯ 2.7 min after ketamine administration (range 0 -127 min). For each subject, CSF sample collection was initiated immediately after blood collection, and CSF sample collection was typically completed within 5 minutes of initiation. Time of sample collec-tion was not significantly correlated with CSF oxytocin levels (r s ϭ 0.190; df ϭ 46; p ϭ NS) or plasma cortisol levels (r s ϭ Ϫ0.211; df ϭ 46; p ϭ NS).
Blood samples (3-5 ml for adult females and 1-2 ml for infants) were collected from the femoral vein into heparin-treated vacutainer tubes. Samples were refrigerated for 20 minutes and were then centrifuged for 20 minutes. Plasma was aliquoted into microcentrifuge tubes that were stored at Ϫ80°C until shipped to the Biomarker Assay Core Lab of the Yerkes National Primate Research Center, where they were assayed in duplicate for cortisol by radioimmunoassay using a commercially available kit (Diagnostic Systems Laboratories, Webster, TX). Intra-and interassay coefficients of variation were below 15% and assay sensitivity is 0.50 g/dl. Adult female plasma cortisol values examined in the present study are part of a larger study of stress and reproduction in multiparous females (Hoffman et al. in press) . Infant plasma cortisol and all CSF oxytocin values reported herein are not part of this larger study.
CSF samples (approximately 1-2 ml for adult females and 1 ml for infants) were collected from the cisterna magna using a sterile single-use needle. CSF was allowed to passively drip into a microcentrifuge tube and was subsequently flash-frozen on dry ice. The CSF samples were stored at Ϫ80 C until shipped to Dr. Parker's Neuroendocrinology laboratory at Stanford University. Unextracted CSF samples were then directly assayed in duplicate (100 l per well) for oxytocin by enzyme immunoassay using a commercially available kit (Assay Designs Inc., Ann Arbor, MI). Peptide extraction is commonly used as a means by which to remove matrix interference effects from large proteins. The total protein in plasma is far greater and more complex than that in CSF (Fishman, 1992) . Previous rhesus monkey research has used unextracted CSF samples to demonstrate nursery-reared monkeys exhibit diminished CSF oxytocin levels compared to maternally reared monkeys (Winslow et al., 2003) . On the basis of this combined evidence we assayed unextracted CSF samples in this study. Intra-and interassay coefficients of variation were below 10% and assay sensitivity is 11.7 pg/ml. Technicians were blind to experimental conditions while conducting all hormone assays.
Statistical Analyses
Mann-Whitney (U) and Kruskal-Wallis (H) tests were used to assess group differences in CSF oxytocin levels. These nonparametric tests were used because data were not normally distributed. Relationships between continuous variables were assessed with Spearman rank order correlations (r s ). Because individual differences in one measure can be associated with differences in another measure without the relationship being linear, rank order correlation statistics were more appropriate for these analyses than Pearson product-moment correlations. Test statistics were evaluated with two-tail probabilities (␣ Ͻ .05) and descriptive statistics are presented as mean Ϯ S.E.M.
Results
CSF oxytocin concentrations ranged from 36.02 to 134.41 pg/ml in adult females, and 35.94 to 77.3 pg/ml in infants. CSF oxytocin concentrations did not differ significantly between lactating and nonlactating adult females (lactating ϭ 68.32 Ϯ 4.03 pg/ml; nonlactating ϭ 63.29 Ϯ 5.17 pg/ml; Mann-Whitney test: U ϭ 84; df ϭ 1; ns), and age of infant was not associated with CSF oxytocin concentrations in the lactating adult females (r s ϭ Ϫ0.276; df ϭ 18; ns). Although CSF oxytocin levels were lower in male (54.29 Ϯ 4.02 pg/ml) compared to female (65.79 Ϯ 3.15 pg/ml) infants, this trend did not reach statistical significance (Mann-Whitney test: U ϭ 46; df ϭ 1; p ϭ .092). Finally CSF oxytocin levels did not differ in relation to dominance rank for adult females (high: 65.14 Ϯ 3.63 pg/ml; middle: 73.84 Ϯ 7.43 pg/ml; low: 60.38 Ϯ 3.38 pg/ml; Kruskal-Wallis test: H ϭ 1.35; df ϭ 2; ns) or infants (high: 48.91 Ϯ 6.79 pg/ml; middle: 61.49 Ϯ 3.40 pg/ml; low: 61.16 Ϯ 5.73 pg/ml; Kruskal-Wallis test: H ϭ 2.53; df ϭ 2; ns).
CSF oxytocin concentrations were significantly positively correlated with adult female age (r s ϭ 0.367; df ϭ 29; p ϭ .04), such that older adult females had higher CSF oxytocin levels than younger adult females. When lactating and nonlactating adult female groups were considered separately, the correlation between CSF oxytocin levels and age was most evident in lactating (r s ϭ 0.677; df ϭ 18; p ϭ .003) rather than nonlactating (r s ϭ 0.109; df ϭ 9; p ϭ ns), adult females (see Figure 1) . In contrast, CSF oxytocin concentrations were significantly negatively correlated with infant age (r s ϭ Ϫ0.66; df ϭ 15; p ϭ .007), such that older infants had lower CSF oxytocin levels than younger infants (see Figure 1 ). Correlations between age and CSF oxytocin levels could not be considered separately for male and female infants due to the small sample size. No relationships between age and plasma cortisol levels were observed in any group.
Although adult females had higher CSF oxytocin concentrations compared to infants (adult females ϭ 66.54 Ϯ 3.16 vs. infants ϭ 57.67 Ϯ 3.21 pg/ml) this trend did not reach statistical significance (Mann-Whitney test: U ϭ 195, df ϭ 1, p ϭ .14). There was no significant correlation between CSF concentrations of oxytocin in mothers with those of their infants (r s ϭ 0.37; df ϭ 15; ns), or between plasma concentrations of cortisol in mothers with those of their infants (r s ϭ 0.045; df ϭ 15; ns). CSF oxytocin levels were not correlated with plasma cortisol levels in adult females when considered as a group (r s ϭ 0.221; df ϭ 29; p ϭ ns) or when examined separately by reproductive status (lactating females: r s ϭ 0.269; df ϭ 18; ns; nonlactating females: r s ϭ Ϫ0.009; df ϭ 9; ns). No relationships between CSF oxytocin and plasma cortisol levels were discerned in infants when considered as a group (r s ϭ 0.235; df ϭ 15; ns). Correlations between CSF oxytocin and plasma cortisol levels could not be considered separately for male and female infants due to the small sample size.
Discussion
Our study demonstrates that CSF oxytocin levels can be reliably measured in free-ranging rhesus monkeys living in a naturalistic environment, as well as in infants as young as 1 month of age. The procedures used in our study and our preliminary data therefore can provide the basis for future work investigating the relationships between CSF oxytocin biology and social processes in socially and ecologically valid contexts.
Among adult female rhesus macaques, CSF oxytocin levels increased significantly with age, and this correlation was most pronounced in lactating females. Whether or not this observed difference is a function of statistical power (i.e., 20 lactating vs. 11 nonlactating adult females) or reflects a biologically significant effect merits further examination. In this rhesus population, the median life span for females that survive to reproductive age (4 years) is approximately 15 years, and the maximum life span is approximately 31 years (Hoffman, Higham, Mas-Rivera, Ayala, & Maestripieri, under review) . In this study, aging adult females (15-26 years) had generally higher CSF oxytocin levels than younger adult females (7-15 years). A similar finding has been reported in a study of humans, which compared plasma oxytocin levels in young and old men (22-40 vs. 60 -75-year-old) (Forsling, Montgomery, Halpin, Windle, & Treacher, 1998) . Although the functional significance of aging-related increases in CSF oxytocin levels remains unknown, these findings suggest that CSF oxytocin levels may be used as a biomarker of aging in nonhuman and human primates, and may provide useful information about interindividual variation in the aging process.
The CSF oxytocin levels of young infants (between 38 and 134 days) were generally lower than those of adult females and not significantly correlated with those of their mothers. In contrast to what we found in adults, there was a strong negative correlation between CSF oxytocin and age in infants. No comparable data are available for human infants or monkey infants as young as those assessed in our study, but CSF concentrations of oxytocin were found to be stable in captive mother-reared rhesus monkeys repeatedly assessed at 18 (ϳ 27 Ϯ 3.5 pg/ml), 24 (ϳ 28 Ϯ 3 pg/ml), and 36 (ϳ 27 Ϯ 2 pg/ml) months of age (Winslow et al., 2003) . Similar to the relationship detected between oxytocin and adult aging, the causes and functional significance of age-related changes in CSF oxytocin early in life need to be addressed by future studies.
In a previous study of this subject population, plasma concentrations of oxytocin were not correlated with age and were found to be higher in lactating (311.41 Ϯ 15.32 pg/ml) compared to nonlactating (267.86 Ϯ 18.29 pg/ml) females using identical blood sampling procedures as those used in the present study (Maestripieri et al., 2009 ). In the present study, however, we found no differences in CSF oxytocin concentrations between lactating and nonlactating females. Research involving captive rhesus monkeys has demonstrated that variations in the concentrations of oxytocin in CSF are independent of suckling stimuli and plasma oxytocin concentrations (Amico et al., 1990) , which supports the notion that central and peripheral oxytocin systems may be functionally independent, at least with regard to nursing. Although plasma oxytocin samples were not available for analysis in the present study, follow up studies are required to examine the relationships between concomitantly collected CSF and plasma oxytocin samples from free-ranging monkeys in the context of different types of nonreproductive social behavior.
There is increasing interest in oxytocin biology and its relationships with psychosocial stress exposure, hormones of the hypothalamic-pituitary-adrenal (HPA) axis, and stress coping. Oxytocin is released into the brain and periphery in response to acute psychosocial stressors (Landgraf & Neumann, 2004; Onaka, 2004) , where it acts to attenuate stress-induced HPA axis activation in rats and monkeys (Parker, Buckmaster, Schatzberg, & Lyons, 2005; Windle et al., 2004) . In the aftermath of chronic psychosocial stress, however, CSF oxytocin levels are diminished in monkeys and humans (Heim et al., 2009; Winslow et al., 2003) . In rhesus monkeys and other primates, low dominance rank is associated with chronic psychosocial stress and hyperactivation of the HPA axis (Sapolsky, 2005) . Among female rhesus macaques on Cayo Santiago, low-and middle-ranking females exhibit higher cortisol responses to the stress of being captured and individually housed compared to high-ranking females (Maestripieri & Hoffman, in press) . In this study, we did not find significant effects of dominance rank on CSF oxytocin levels, or significant correlations between CSF oxytocin levels and plasma cortisol following the stress of overnight housing. A previous study of captive rhesus monkeys likewise detected no relationship between CSF oxytocin and plasma cortisol levels in monkeys exposed to early psychosocial adversity or control conditions (Winslow et al., 2003) . In this latter study, monkeys were rapidly caught and sampled under controlled laboratory conditions, so the effects of capture stress on these neuroendocrine measures were minimized relative to those in our study. These collective findings highlight the fact that the interrelationships between plasma and CSF oxytocin biology, acute and chronic psychosocial stress exposure, plasma and CSF HPA axis hormones, and stress coping remain, at present, poorly understood.
As with all studies, ours is not without limitations. First, although CSF measurements of oxytocin are thought to reflect brain-released oxytocin, not all occurrences of brain-released oxytocin will be detectable in CSF measurements (Robinson & Coombes, 1993) . Therefore CSF oxytocin levels provide a gross measurement of central oxytocin activity, but do not permit detailed examination of the effects of regional oxytocin brain release (e.g., hypothalamic paraventricular nucleus) on dependent variables of interest (e.g., plasma cortisol). Second, the primary aim of this study was to determine the feasibility of measuring CSF oxytocin levels in free-ranging monkeys as a first step toward investigating the relationships between oxytocin biology and social functioning. To this end, biological samples were opportunistically collected during the annual trapping period which involves capture and overnight housing. It is therefore possible that a major factor influencing CSF oxytocin levels and plasma cortisol in this study was the high degree of stress associated with these procedures. The effects of stress, in turn, may have obscured relationships between baseline neuroendocrine values and the demographic variables examined in this study. Now that measurement feasibility has been established, follow-up studies are required to evaluate oxytocin biology under conditions which minimize the effects of capture stress on neuroendocrine values (i.e., under baseline conditions) and their relationships to social functioning. Third, the present study was not powered to examine the effects of infant gender on CSF oxytocin levels or to evaluate relationships between CSF oxytocin and plasma cortisol for male and female infants separately. Likewise, the present study did not consider the effects of nursing bouts or number of prior captures on the neuroendocrine measures, nor did it examine cortisol in CSF or oxytocin in plasma. Future studies should include examination of these variables which could further inform our understanding of oxytocin biology and social functioning in important ways.
In summary, these findings provide feasibility data for examining CSF oxytocin levels in rhesus monkeys under free-ranging conditions and in infants as young as 1 month of age. These data likewise add to the emerging and complicated picture of oxytocin biology across life span development (Carter, 2003; Forsling et al., 1998) . Although the causes and functional significance of agerelated changes in CSF oxytocin early and late in life remain unclear, this peptide could represent a biomarker of central nervous system changes during early development and aging in human and nonhuman primates. Finally, concomitant measurement of CSF and plasma oxytocin levels, and assessments of their interrelationships with social behavior, psychological stress, and HPA axis physiology are required to more fully elucidate the distinct and shared contributions of central and peripheral oxytocin systems to social functioning and stress biology in free-ranging primates.
